Abstract. Hyperspectral imaging polarimetry enables both the spectrum and its spectrally resolved state of polarization to be measured. This information is important for identifying material properties for various applications in remote sensing and agricultural monitoring. We describe the design and performance of a ruggedized, field deployable hyperspectral imaging polarimeter, designed for wavelengths spanning the visible to near-infrared (450 to 800 nm). An entrance slit was used to sample the scene in a pushbroom scanning mode across a 30 deg vertical by 110 deg horizontal field-of-view. Furthermore, athermalized achromatic retarders were implemented in a channel spectrum generator to measure the linear Stokes parameters. The mechanical and optical layout of the system and its peripherals, in addition to the results of the sensor's spectral and polarimetric calibration, are provided. Finally, field measurements are also provided and an error analysis is conducted. With its present calibration, the sensor has an absolute polarimetric error of 2.5% RMS and a relative spectral error of 2.3% RMS.
Introduction
Imaging polarimeters and spectropolarimeters are of particular importance for several applications, including atmospheric aerosol characterization, 1,2 astronomy, 3 and terrestrial target identification. 4 These applications require simultaneous measurement of the spectral and polarization information of a scene. Common hyperspectral scanning techniques use dispersive prisms or diffraction gratings to collect spatial and spectral information into a 3-D datacube ðx; y; λÞ. 5 Additionally, polarization analyzing optics can be employed to determine the total state of polarization (SoP), or Stokes vector S, described by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 3 1 6 SðλÞ ¼ ½ S 0 S 1 S 2 S 3 T ;
where S 0 describes the total intensity of the incident light, while S 1 , S 2 , and S 3 describe the intensity difference between vertical and horizontal linear, þ45 deg and −45 deg linear, and right and left circular polarization states, respectively, 6 where these quantities are implicitly dependent on wavelength λ. Many imaging spectropolarimeters rely on active components, such as a rotating wave plate, to measure the Stokes parameters. 4 This makes the system difficult to implement within applications requiring rapid spectral measurement or measurements in which both the polarimetric and spectral information are temporally coregistered. In such cases, spectral modulation schemes 7 allow for the polarization information to be encoded onto the incident spectrum. This process is accomplished by implementing high order birefringent retarders to create a sinusoidal amplitude modulation across the spectrum. In addition, more recently, arbitrary spectral modulation schemes, 8 as well as generalized channeled polarimeters, 9 have been demonstrated. In this paper, we describe the implementation of an athermalized channeled polarimeter with a pushbroom hyperspectral imaging sensor [10] [11] [12] [13] [14] [15] for measuring the spectrally resolved linear Stokes parameters. The primary advantage of this technique includes temporal coregistration of the spectral and polarimetric data, yielding reduced temporal registration error compared with temporally scanned spectropolarimeters. 16 Additionally, it offers a direct measurement of the spectrum, as opposed to an indirect (or multiplexed) measurement, as is the case with Fourier transform spectrometers. This paper is organized as follows: Sec. 2 provides an overview of the theory of channeled polarimetry, while Secs. 3 and 4 discuss the instrument's optical design and calibration, respectively. Last, Sec. 5 provides experimental results from outdoor validation measurements. While a preliminary description of this spectropolarimeter has been presented previously, in this paper, we provide the optical system's prescription and simulated performance results, as well as data and imagery that were produced during outdoor testing. 17 
Theory
Channel spectropolarimetry enables the measurement of the spectrally resolved SoP, eliminating error associated with time-sequential measurements acquired through moving or rotating components. 6 Assuming a band-limited (slowly varying) spectral reflectance, the reflected polarization state can be measured by modulating the incident spectrum. This process is described by Oka and Kato 7 for a complete Stokes vector and Snik et al. 18 for the linear Stokes parameters. Additionally, Snik et al. 18 describe the development of an athermalized design, which yields reduced sensitivity to thermal effects. Our spectropolarimeter incorporated this athermal design principal to obtain a measurement of the linear Stokes parameters.
The system's polarization analyzer configuration is illustrated in Fig. 1 . An achromatic quarterwave plate (AQWP) is combined with a high-order, athermalized retarder composed of two retarders, R 1 and R 2 . A linear polarizer (LP) serves as the analyzer. The AQWP's fast axis is set parallel to the transmission axis of the LP, while the fast axes of R 1 and R 2 are oriented at þ45 deg and −45 deg, respectively. The combination of R 1 and R 2 creates a single athermalized equivalent retarder when the thermal expansion coefficients and refractive index temperature dependence is appropriately matched. 18 For this system, the amplitude modulated Stokes parameters versus wavenumber can be described by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 3 7 8 IðσÞ ¼
where ϕ is the phase introduced by retarders and σ is the wavenumber (λ −1 ). The retarder's phase can be described by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 7 5 2
where d 1 and d 2 are the thicknesses and B 1 and B 2 are the birefringence of retarders R 1 and R 2 , respectively. Demodulation of the Stokes parameters can be accomplished via Fourier analysis of the measured intensity spectrum 7, 19 or using fitting techniques within a local interference fringe. 18 3 Optical and Mechanical Design
Optical Design
A prism-based pushbroom imaging spectrometer was designed for the imaging spectropolarimeter. Advantages of using a prism, compared with a grating, include higher light transmission, a broader and more uniform spectral response, and reduced scattering, with the disadvantages of greater optical distortion (e.g., spectral smile and keystone distortion).
14 Algorithms that were used for correcting these distortions are detailed in Sec. 4 . A view of the optical layout, as per our Zemax model, is illustrated in Fig. 2 . Light first entered the polarization optics, consisting of the AQWP, R 1 , R 2 , and LP, as previously illustrated in Fig. 1 . Retarder R 1 was fabricated from magnesium fluoride (thickness d 1 ¼ 7 mm), while R 2 was fabricated from sapphire (thickness d 2 ¼ 15.4 mm).
After transmitting through the LP, light propagated through a 3-mm diameter aperture stop in front of an objective lens. Light from this lens was focused onto a 15-μm wide slit, the length of which (10 mm) lies along the x-axis. A second lens system collimated light from the slit onto a fold mirror, before being dispersed by an N-SF11 and CaF 2 equilateral prism. The prisms have a 25-mm entrance face. Light then transmitted into a reimaging lens, where it was focused onto a focal plane array (FPA) consisting of an Allied Vision Technologies GC650 Gigabit Ethernet camera. It should be mentioned that rotating the prisms in the yz plane enabled the dispersion to be custom-tailored to the reimaging lens's focal length, the FPA's size, and the system's desired field-of-view (FoV). A summary of performance characteristics is provided in Table 1 while the spectrometer's prescription is provided in Table 2 . Surface numbers indicated with an asterisk (*) contain extra data, as shown in Table 3 , which provides their aspheric coefficients. The benefits of this design are that, as of this publication, all components are available off-the-shelf. Additionally, optomechanics, as will be described in the subsequent section, can be acquired with only a few custom parts. Performance data were also calculated using Zemax. The results of this analysis for the RMS and geometrical spot sizes are provided in Figs. 3(a) and 3(b), respectively, for wavelengths spanning 0.45 to 0.85 μm. The mean RMS spot size, calculated across all wavelengths up to the 12-deg field, is 13.1 and 31.8 μm RMS and geometrical, respectively. This demonstrates that spot sizes are well controlled for field angles spanning a AE12 deg x-FoV, with marked degradation in imaging performance approaching the sensor's maximum x-FoV of AE15 deg.
The channeled spectrum's interference fringes contain spatial frequencies that span 8.5 to 22.5 cycles∕mm for wavelengths spanning 0.475 to 0.785 μm, respectively (note that higher spatial frequencies are observed in the near-infrared due to the nonlinear dispersion of the prism). To ensure that this spectrum will be resolvable, the MTF was calculated at 20 and 40 cycles∕mm and is depicted versus wavelength in Figs. 4 and 5, respectively. Both tangential and sagittal values are provided, indicating that optical performance is generally worse in the tangential dimension. This means that aberrations will decrease contrast for the object's spatial frequencies that are oriented parallel to the slit. Conversely, the improved sagittal performance ensures that high contrast is maintained for spectral features that are being spatially dispersed perpendicular to the slit. Therefore, it is expected that the channeled spectrum's interference fringes will be well-resolved across the entire field and that the spatial quality of the object will degrade at field angles exceeding 12 deg.
Mechanical Design
A mechanical design was formulated using a combination of off-the-shelf and custom components. An illustration of this design is provided in Fig. 6 (a) and primarily consists of optomechanics from Thorlabs. Additionally, a Nanocore Max 12 microcontroller was used to control camera triggering operations and maintain motor synchronization. All components were mounted onto an aluminum plate that can be fastened within a ruggedized project box. In addition to the mechanical housing that holds the optics, a mechanical housing was also constructed for the motor. This was machined to ensure endurance against wind driven rain and dust. A view of the system on the benchtop is provided in Fig. 6(b) . Indicates the FW spectral resolution, within each of the Stokes parameters, after data reduction. This value was calculated based on the measured FW resolution and the data reduction algorithms' frequency response. 
Spectral Calibration
To perform the system's spectral calibration, a monochromator was employed to vary the incident light spectrum from 425 to 800 nm in steps of 25 nm. Incident light from the lamp was input into the monochromator, which was dispersed and redirected into an integrating sphere. This light was then imaged by the sensor, where it was recorded. Additionally, a dark frame was recorded to remove background noise from the monochromatic data. A view of all wavelengths that were collected by the monochromator is illustrated in Fig. 7(a) . Postprocessing of the data involves additional noise removal using a low pass filter, as well as implementing one of two polynomials to map wavelength to pixel indices, both perpendicular and parallel to the slit. The shape that these polynomials fit is illustrated in Fig. 7(b) . A third-order polynomial was used to fit the spectral smile 20 to enable suppression of noise at the FPA's edges (first polynomial fit), while a fourth-order semilog polynomial was used to map wavelength to y-pixel position (second polynomial fit).
A parametric fit of a Gaussian function, using the built-in Nelder-Mead minimization function in MATLAB, was used to determine the pixel centroids of the filtered monochromator outputs. This optimization was applied for each row of the input data, as shown in Fig. 7(b) . Figure 8(a) illustrates the fitted Gaussian function compared with both the filtered and raw monochromator data. The Gaussian's centroid was then used to identify the pixel centroid, as mapped to the incident wavelength. A plot of this is provided in Fig. 8(b) for one location along the slit, illustrating the expected nonlinear dispersion caused by the glass prisms. Generally, the centroid data of Fig. 8(b) can only calibrate the sensor for pixels within the central AE12 deg x-FoV. However, due to the lower signal that appears toward the top and bottom edges of the FoV for blue light, a thirdorder polynomial was fit to the centroids in a direction parallel to the slit. One polynomial was calculated for each wavelength. A plot of the Nelder-Mead fitted centroid data is provided alongside these polynomials in Fig. 9(a) . Meanwhile, a close-up view of the polynomial fitting, within the highest noise regions, is depicted in Fig. 9(b) . The thirdorder polynomial's output enabled a fourth-order polynomial to consistently fit the camera's y-coordinate to wavelength. This can be expressed in semilog form such that E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 1 5 5 log½λðx; yÞ ¼ Ay
where A through E are polynomial coefficients that implicitly depend on x. The mean R 2 value, taken across all of the polynomials along x, was 0.99998 AE 2.7 × 10 −6 .
Polarimetric Calibration
Polarimetric calibration of the system was conducted using the reference beam calibration technique. 7 This technique involves Fourier analysis of Eq. (2) to demodulate the unknown linear Stoke parameters. In this case, IðσÞ can be expanded into multiple carrier frequency channels such that 
The Stokes parameters can be calculated by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 6 3 ; 2 7 8 S 0;reference ðσÞ ¼ jF ðC 0;reference Þj;
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 6 3 ; 2 4 7 S 0;sample ðσÞ ¼ jF ðC 0;sample Þj;
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 6 3 ; 2 2 1 S 1;sample ðσÞ ¼ Re ; and (9) E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 0 ; 6 3 ; 1 8 1 S 2;sample ðσÞ ¼ Im 
Thus, when an incident reference beam of known polarization is used, a Fourier window filter can isolate each frequency component to enable demodulation. As demonstrated in Fig. 10 , this technique involved the use of a LP mounted on a rotational stage to generate linearly polarized light at various angles with respect to the spectropolarimeter analyzer's transmission axis. The incident light source was an integrating sphere illuminated by a tungsten halogen lamp. This set-up provided a reference beam with a known SoP and enabled validation of the sensor's polarimetric response.
Laboratory Validation
To validate the calibration's accuracy and to assess the spectropolarimeter's performance, measurements were acquired with the sensor in response to a rotating LP. The LP was rotated from 0 deg to 180 deg in steps of 10 deg. At each step, 10 images were collected and averaged to minimize noise and improve the signal-to-noise ratio during analysis. This enabled the measured errors to consist primarily of systematic effects, rather than random noise. A view of the polarization response to normalized S 1 and S 2 , as measured by the system, is illustrated in Figs. 11(a) and 11(b) , respectively. These results are provided for a pixel located at an x-coordinate of 200 in reference to Fig. 9(a) . The trends in the data are consistent with what is expected from a rotating LP. Additionally, some artifacts are apparent around 475 nm. These are generally caused by the Fourier filter used in the reference beam calibration technique.
To quantify these results, the RMS error versus wavelength was calculated between the measured and theoretical S 1 ∕S 0 and S 2 ∕S 0 for a rotating LP. Error was calculated discretely either versus wavelength as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 1 ; 6 3 ; 4 6 1 ε RMS ðλÞ ¼ 1 M
or versus the slit's x-coordinate as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 2 ; 3 2 6 ; 4 1 4
where S n is the normalized linear Stokes parameter for an integer subscript n ¼ 1 or 2 and N and M are the total number of samples in λ and x, respectively. The error versus wavelength as in Eq. (11) is depicted in Fig. 12(a) , while the error versus slit position as in Eq. (12) is depicted in Fig. 12(b) . Generally, the RMS error increases in the polarimetric reconstruction toward the spectral passband's edges, due to the detector's spectral response, as well as toward the edges of the slit, due to vignetting in the optical system.
Results
Outdoor data were acquired with the sensor. Both datasets were acquired under clear skies. A view of the sensor, as depicted sitting on top of a parking garage pillar, is illustrated in Fig. 13 . Outdoor spectral validation began by collecting reflectance spectra from various National Institute of Standards and Technology (NIST) traceable spectralon reflectance tiles. An image of the scene is depicted in Fig. 14(a) , which consists of four colored tiles: yellow (YW), green (GN), blue (BL), and red (RD). Additionally, a 99% reflective white spectralon tile and 50% reflective gray spectralon reference tile were included in the scene for normalization. Reflectance calculations are provided in Fig. 14(b) . Reflectance was calculated for each of the colored spectralon tiles by normalizing their spectra to that of the 99% white tile. Due to the discrepancies between the NIST traceable data and the measured data, the spectra were then normalized to their maximum spectral reflectance to better visualize the differences between these curves. As observed in the reflectance curves of Fig. 14(b) , notable error is observed toward the minima. This discrepancy is caused by the illumination and viewing angles used in the experiment, which are near the specular reflectance angle (∼45 deg off-axis relative to the tile's surface normal). Meanwhile, the NIST traceable reflectance curves are rated to a maximum of 8 deg off-axis. To further validate this, additional data were acquired in the laboratory after the outdoor test. The incidence angle of the sun for the day in question was calculated to be 42 deg (altitude) using "Cartes Du Ciel," with a measurement date of August 4, 2016, at 10:28 AM EST for GPS coordinates 35.7796°N, 78.6382°W. Meanwhile, the sensor viewed the tiles at 45 deg off NADIR. This illumination and viewing geometry was configured in the laboratory such that a tungsten halogen lamp source illuminated the white reference tile at a 42-deg incidence angle and a 0.22 NA optical fiber and ocean optics (OO) spectrometer viewed the tiles' reflected light at a 45-deg angle off NADIR. The reflectance was then calculated by comparing it with the white spectralon tile in the same measurement geometry. The measured outdoor results from the sensor, compared with the laboratory OO measurement, are depicted in Fig. 15 .
RMS errors, calculated between the outdoor measured data and the laboratory OO data, were calculated and are summarized in Table 4 . Generally, the mean RMS error was calculated to be 2.3% for these absolute reflectance calculations. Remaining measurement error can be partially attributed to the accuracy of the laboratory OO measurement (estimated to be 1%), in addition to error in the calculation of the sensor viewing angle relative to the tiles (1%). Finally, a measurement of an outdoor scene was acquired. An array of S 0 , normalized S 1 , and normalized S 2 imagery is illustrated in Figs. 16(a)-16(l) . This scene consists of several buildings, trees, and a construction site in the foreground. The sky is also evident, and the image was taken on a cloudless day.
Extracting the polarization information enabled colorfused degree of linear polarization (DoLP) images to be calculated, 21 as illustrated in Figs. 17(a)-17(d). In these images, saturation relates to DoLP magnitude, hue angle of linear polarization, and value to the intensity contained within the S 0 image. As can be observed from these data, the sky's linear polarization orientation varies across the image, while Fig. 15 Comparison of measured (M) outdoor data, taken from the imaging spectropolarimeter, to laboratory data acquired using an OO spectrometer at similar illumination and viewing angles. Optical Engineering 103107-9 October 2017 • Vol. 56 (10) building windows and other smooth surfaces in the scene also contain a strong DoLP. Finally, a normalized difference vegetative index calculation was performed, as depicted in Fig. 18 . The normalized difference vegetation index (NDVI) was calculated from scene reflectance by first estimating the downwelling irradiance from the horizontally oriented roof of the white truck [spatial location ðx; yÞ ¼ ð302;589Þ] in the foreground. Two multispectral images were calculated by averaging the estimated hyperspectral reflectance across wavelengths spanning 790 nm AE 10 nm (near-infrared) and 670 nm AE 10 nm (red). In this case, chlorophyll signatures are highlighted as in conventional NDVI data, indicating that the added polarimetric information does not prevent the calculation of standard two band metrics used in remote sensing. Typical maximum NDVI values in this image are 0.75 for pixels selected within the trees while minimum NDVI values are 0.04 for sky or foreground soil pixels.
Conclusion
In this paper, a pushbroom hyperspectral imaging polarimeter was developed and demonstrated. Calibration, in addition to validation experiments, was also detailed. It was demonstrated that, using the reference beam calibration procedure, an RMS error of 2.5% was obtained in the polarization information. The system was then demonstrated in the functional outdoors in a variety of scenarios, including the calculation of absolute reflectance of NIST traceable standards. Reflectance calculations were demonstrated to be accurate to within an average RMS error of 2.3%. 
